To evaluate the comparability and reproducibility of the carotid-femoral pulse wave velocity (PWV) measured by the newly developed device compared to that measured by the standard device and the validity of brachial-ankle PWV as a substitute of carotid-femoral PWV. We measured aortic PWV twice in 21 normotensive males by using the standard devices and the newly developed device. We also measured brachial-ankle PWV in the same subjects. There was a strong, significant correlation between aortic (carotid-femoral) PWV measured by using two different devices (r ¼ 0.741, P ¼ 0.00012). Interquartile range of the differences of carotid-femoral PWV measured by Form (0.75 m/s (À0.36, 0.39)) was smaller than that by Complior (1.67 m/s (À1.03, 0.63)). There was no correlation between carotid-femoral PWV, measured by either device, and brachial ankle PWV. Our present results suggest that carotid-femoral PWV measured by using Form was comparable to, and may be more reproducible than, that measured by Complior that has been widely used as a predictable marker for cardiovascular events. Our results also suggest brachial-ankle PWV may not be a substitute for carotid-femoral PWV.
Introduction
Pulse wave velocity (PWV), which reflects arterial stiffness, has been widely measured as a surrogate marker for the progression of atherosclerosis because of its non-invasiveness and clinical significance that was shown by several cohort studies and randomized clinical trials [1] [2] [3] [4] [5] .The standard device for the measurement of PWV used in such studies (Complior; Colson, Paris, France) records the pressure signal at the femoral artery and carotid artery simultaneously with a pressure-sensitive transducer. This method appears to be feasible because the recording of the pulse wave is relatively easy at these two sites and the distance between these two sites is far enough to allow an accurate calculation of the time interval between the two waves. 6 However, the manual detection of pressure waveforms with sufficient quality requires specific training and subsequent certification. 6 Recently, pulse wave detection by using a multi-element carotid tonometry sensor was developed to overcome this disadvantage. 7 Pulse waveform of sufficient quality seems to be recorded easier using this system than using the standard device and this advantage may improve accuracy and reproducibility of PWV. Moreover, this new device may be better tolerated by patients, which may have other advantages and also improve the quality of the data. However, these two methods have not been directly compared in terms of reproducibility and comparability.
Although measuring aortic PWV is regarded as one of gold standards for the assessment of arterial stiffness, brachial-ankle PWV has been widely measured in Japan because of development of a new device with which the measurement of PWV is easier, more time saving and more comfortable compared to the standard method for aortic PWV. 8 However, validity of brachial-ankle PWV, particularly as a substitute for carotid-femoral PWV has not been fully established. Direct comparison of both PWVs should be made, for example, in subjects who has not affected by cardiovascular risk factors yet.
Thus, the principle aim of the present study was to evaluate the comparability and reproducibility of the carotid-femoral PWV measured by the newly developed device compared to that measured by the standard device. We also examined association between carotid-femoral PWV with brachial-ankle PWV in young, healthy subjects.
Materials and methods

Subjects
Twenty-one healthy Japanese young men were enrolled in the present subjects (mean ± s.d.; age 22±1.9 years; height 172.0±5.2 cm; bodyweight 63.0±6.2 kg; body mass index 21.4±2.14 kg m À2 ). They had normal findings on routine physical examination and normal standard laboratory tests. Written informed consent was obtained from all of them. The study protocol was approved by the ethical committee of University of the Ryukyus. The subjects were asked to fast and abstain from drinking alcohol and smoking cigarettes from the evening prior to the study on each study day. All studies were performed in air-conditioned room (22-26 1C).
PWV measurement
We measured carotid-femoral PWV by using two different methods and brachial-ankle PWV in the same subjects on the same study day. PWV was derived from pulse transit time and the distance travelled by the pulse between two recording sites. A trained vascular research assistant, who had experienced more than 100 measurements, measured the carotid-femoral PWV by using the standard device (Complior, Complior II; Colson, Paris, France, described as Complior in the rest of the article) with a pressure-sensitive transducer.
Recorded pulse wave was automatically analysed in terms of the determination of the pulse wave upstroke reflection and the time delay between the two waves. The path length of the carotid-femoral segment was obtained from superficial measurement between two transducers. The detail and the validity of the method have been described previously. 6 We also measured carotid-femoral PWV by using an automatic waveform analyzer with newly developed multi-element tonometry sensors (AT-form PWV/ ABI; Omron-Colin, Komaki, Japan, described as Form in the rest of the article), which were placed at the left carotid and the left femoral arteries for the recording of pressure waveforms of these arteries. The waveform analyzer of Form can identify the sensor element located at the centre of the artery out of 15 elements by screening the pulse pressure. The waveform analyzer can also guide the adjustment of angle and hold down force of the tonometry sensor to appropriately flatten the artery. The detail of the tonometry sensor and the waveform analyzer was described elsewhere. 7 Electrocardiogram and heart sounds S 1 and S 2 were also monitored simultaneously. This automatic waveform analyzer of Form determines the upstroke of the wave and the pulse transit time on phase velocity theory. 9 The distance that the pulse waves travels from the sensors at the carotid to the femoral artery was obtained based on the height by using the formula. The path lengths from the suprasternal notch to the carotid site and from the suprasternal notch to the femur were calculated as 0.2437 Â HÀ19.0 and 0.5643 Â HÀ18.381, respectively, where H is the patient's height in centimetres. We measured carotid-femoral PWV repeatedly by using each method to examine reproducibility and comparability in the same subjects on different study day. There were 7-14 days between 2 study days. For the measurement of brachial-ankle PWV, occlusion cuffs connected to both plethysmographic and oscillometric sensors were placed around arm and ankles (AT-form PWV/ABI; Omron-Colin, Komaki, Japan). Cuffs were inflated until tibial and brachial arteries were completely occluded and then deflated. Recorded waves were also automatically analysed based on phase velocity theory. The method of brachial-ankle PWV measurements was detailed by Yamashina et al.
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Statistics Data are presented as the mean±s.d. Intra-subjects variability was expressed by coefficients of variation (CV) that was calculated by two-way analysis of variance using subject and study day as factors. Intra-subject variability was also expressed as the difference between responses first and second PWV plotted against the mean response for each individual subject following Bland and Altman. 11 The inter-quartile range of the differences was calculated as a summary measure. 12 The correlations between the carotid-femoral PWV measured by two different methods and between carotid-femoral and brachialankle PWV were analysed by measuring Pearson's correlation coefficients.
Results
Carotid-femoral PWV measured by two different devices There was significant correlation between the carotid-femoral PWVs measured by two different methods (r ¼ 0.741, Y ¼ 0.446X þ 2.642, P ¼ 0.00012) (Figure 1 ). Of 21, 14 were measured the carotidfemoral PWV each twice using two methods (first measurement: mean ± s.d. and second: mean ± s.d. (m/s): Form 7.8±0.8 and 7.9±1.1 Complior 7.7±1.9 and 7.9 ± 1.7). In Figure 2 , we showed plots of the differences between first and second time measurements of PWV using two methods. Values almost ranged within a mean±2 s.d.. Inter-quartile range of the differences of carotid-femoral PWV measured by Form (0.75 m/s (À0.36, 0.39)) was also smaller than that by Complior (1.67 m/s (À1.03, 0.63)). The CV of the carotid-femoral PWV measured by Form was lower than that by Complior (5.7 and 12.2%, respectively).
Relationship between carotid-femoral PWV and brachial-ankle PWV The brachial-ankle PWV was not significantly correlated with the carotid-femoral PWV measured by using either Complior or Form (Figure 3) .
Discussion
The present study demonstrated that carotid-femoral PWV measured by Form with a newly developed tonometry sensor was significantly correlated with that measured by the standard device (Complior) in normotensive healthy males. This result suggests that aortic PWV measured by using Form may be comparable to that by using standard device. Repeated measurement of carotid-femoral PWV using two different devices revealed that intrasubject variability of PWV using Form was smaller than that using Complior as indicated by the CV and the inter-quartile range of the difference, suggesting better reproducibility of PWV measured by using Form than that by the standard device.
Methodological validity and clinical significance of carotid-femoral PWV measured by Complior has been established. 6 However, manual detection of pulse waveform with sufficient quality at carotid and femoral arteries is examiner-dependent procedure and this may be problematic as a surrogate marker in clinical trials. To overcome this problem, the tonometry sensor of Form has been developed. This equipment is characterized by semi-automated identification of the sensor element located at the centre of the artery out of multiple elements and adjustment of the position and hold down force of the sensor based on visually monitored waveform to flatten the artery appropriately. 7 This system apparently helped us easily obtain sufficient quality of pulse waves and presumably contributed to better reproducibility of the carotid-femoral PWV using Form shown by our present study. Apart from the method for detection of pulse wave, the method for the measurement of the pulse transit time also differs between two methods. Complior does not identify the foot of pulse wave but performs correlation analysis between two waveforms according to the correlation algorithm along with Validity of new device for aortic PWV measurement I Ueda et al time-shifting the distal pressure upstroke to determine the delay between two pulse waves. 6 On the other hand, Form identifies the foot of pulse wave using band-pass filter to extract the high frequency components of the wave as a marker of phase shift and the R wave from the electrocardiogram as a reference. 8 Those methodological differences in determination of pulse transit time may explain in part the differences in reproducibility of PWV.
The brachial-ankle and carotid-femoral PWV Although carotid-femoral PWV measurement is worldwidely regarded as the gold standard in terms of non-invasive assessment of arterial stiffness 13 , the brachial-ankle PWV measurement has become more popular than carotid-femoral PWV in Japan as patients investigated do not need exposure groin and a recently developed device (Form for brachialankle PWV), tested in the present study, is obviously easier to handle, more affordable and reasonably reproducible. 10 However, our present study showed that there was no significant correlation between brachial-ankle and carotid-femoral PWV in the same session of measurement. This is not surprising because carotid-femoral PWV reflects stiffness of only elastic artery but brachial-ankle PWV reflects that of both muscular and elastic arteries. One would claim that our findings might not apply to other groups of subjects, for example, patients with cardiovascular diseases. Indeed, unlike our results, Kubo et al.
14 and Munakata et al. 8 showed significant correlation between brachial-ankle and carotidfemoral PWV. Such correlation, however, might not necessarily reflect true comparability of brachialankle PWV but indicate only wider ranges of age, blood pressure and other risk factors commonly affecting any parts of arterial stiffness in their subjects. Our results indicate therefore that brachial-ankle and carotid-femoral PWV may be differently regulated biomarkers from different vascular beds. A recent report by Kimoto et al. 15 suggests that type II diabetes also differently affects on central and peripheral arteries. They showed while age and systolic blood pressure affected PWV of all segments of arteries, type II diabetes was only associated with PWV of central arteries. These results, together with the fact that clinical significance of brachial-ankle PWV has not been established because of lack of evidence of prognostic value, suggest that brachialankle PWV may not be a substitute for carotidfemoral PWV at the moment. Further investigations into the regulation of stiffness in elastic and muscular (central and peripheral) arteries are required. Randomized controlled trials testing association of cardiovascular end points and brachialankle PWV are also apparently needed. What is known about topic K Measuring aortic pulse wave velocity (PWV) by Complior is regarded as one of gold standards for the assessment of arterial stiffness, and has been widely used as a predictable marker for cardiovascular events What this study adds K Carotid-femoral PWV measured by using a newly developed device (Form) is comparable to, and appears more reproducible than, that measured by Complior. Brachial-ankle PWV may not be a substitute for carotidfemoral PWV at the moment Validity of new device for aortic PWV measurement I Ueda et al
